Protein methylation is a very diverse, widespread, and important post-translational modification affecting all aspects of cellular biology in eukaryotes. Methylation on the side-chain of lysine residues in histones has received considerable attention due to its major role in determining chromatin structure and the epigenetic regulation of gene expression. Over the last 20 years, lysine methylation of non-histone proteins has been recognized as a very common modification that contributes to the fine-tuned regulation of protein function. In plants, our knowledge in this field is much more fragmentary than in yeast and animal cells. In this review, we describe the plant enzymes involved in the methylation of non-histone substrates, and we consider historical and recent advances in the identification of nonhistone lysine-methylated proteins in photosynthetic organisms. Finally, we discuss our current knowledge about the role of protein lysine methylation in regulating molecular and cellular functions in plants, and consider challenges for future research.
Introduction
Protein methylation was first described more than 50 years ago but is still a relatively nascent area of research. Indeed, the initial reports of methylated lysine residues in flagellar proteins from Salmonella (in 1959) and in mammalian histones (in 1964) were followed by decades of rather limited interest until the physiological role for protein methylation was documented in the late 1990s (Murn and Shi, 2017) . Since then our knowledge about protein methylation has increased exponentially due to extensive research in the topical field of histone modifications and epigenetics coupled with technical advances, mainly in protein mass spectrometry. Currently, methylation is fourth on the list of post-translational modifications in terms of abundance, with more than 18 000 methylation sites described in ~7400 proteins (statistics from iPTMnet v4.1, https://research. bioinformatics.udel.edu/iptmnet/, August 2017; Ross et al., 2017) . This modification is also very diverse since methylation can occur on nitrogen, carbon, and sulfur atoms of protein residues. Thus, the side-chains of eight residues (lysine, arginine, histidine, glutamate, aspartate, glutamine, asparagine, and cysteine) together with the terminal α-amino and α-carboxyl groups can be methylated by specific enzymes. In addition, methylation of iso-aspartate residues that spontaneously occur at aspartyl and asparaginyl sites in proteins is a crucial step in the repair of damaged proteins (Ogé et al., 2008) . Overall, protein methylation is now established as a widespread and versatile modification that is an integral part of cellular biology.
The N-methylation of histone and non-histone proteins occurs primarily on lysine and arginine residues. Protein lysine methylation is evolutionarily conserved, although it is far less abundant in bacteria than in eukaryotes. The ε-amino group of lysine can be methylated up to three times, resulting in mono-, di-, and trimethyl-lysine (Fig. 1A) . During the early stages of protein lysine-methylation research, the dogma was that the modification was stable and irreversible, unlike other modifications such as phosphorylation. However, the identification of protein lysine demethylases indicated that this modification can be reversible (Shi et al., 2004) . Thus, protein lysine methylation can be either dynamic to serve regulatory purposes or can be static to expand the repertoire of functions of the modified target.
Mono-, di-, or trimethylation of lysine in a target protein gives rise to distinctive biological consequences. Indeed, although the methyl group is one of the smallest post-translational modifications, each methylation event removes a proton from the ε-amino group and thereby decreases the hydrogen-bonding potential of lysine. Methylation also moderately increases the hydrophobicity and bulkiness of the lysine side-chain and, unlike other modifications such as acetylation, does not affect the overall charge of the residue (Fig. 1A) . Thus, the changes in the physicochemical properties of lysine residues caused by methylation are rather subtle, which explains the difficulties in understanding the biological outputs of the modification in non-histone proteins. However, evidence of lysine methylation-driven regulation has been obtained for a number of non-histone proteins since the turn of the 21st century (for reviews see Lanouette et al., 2014; Falnes et al., 2016) , and this modification has been shown to regulate protein-protein and protein-nucleic acid interactions, protein stability, subcellular localization, and enzyme activity in essential cellular processes including transcription, protein synthesis, signal transduction, and metabolism (Lanouette et al., 2014; Falnes et al., 2016) .
Over the last 15 years, lysine methylation of non-histone proteins has been recognized as an important modification and has been extensively characterized in yeast and animal cells. In plants, however, our knowledge in this field is much more fragmentary. This review covers historical and recent advances in the identification of lysine methylproteins in photosynthetic organisms, together with the characterization of the enzymes Fig. 1 . The biochemical mechanisms of protein lysine methylation and demethylation. (A) Lysine (K) can accept up to three methyl groups on its terminal side-chain ε-amine, resulting in three methylation states (K me1 , K me2 , K me3 ). Methylation does not modify the charge of lysine but decreases its capacity to make hydrogen bounds and induces a small increase in its hydrophobicity and steric hindrance. (B) Protein lysine methyltransferases (KMTs) catalyse the mono-, di-, and/or trimethylation of lysine residues in an S-adenosyl-L-methionine (AdoMet)-dependent process, releasing S-adenosyl-L-homocysteine (AdoHcy). (C) Protein lysine demethylases (KDMs) from the LSD1 and JmjC families catalyse the demethylation of lysine residues using different reaction mechanisms. JmjC enzymes demethylate all three lysine methylation states whereas LSD1 enzymes act only on mono-and di-methylated lysine residues. The hydroxymethyl intermediate that is formed during the reactions is subsequently hydrolysed to produce formaldehyde.
involved in the deposition of methyl marks. In addition, we discuss our current knowledge and consider future challenges in deciphering the role of protein lysine methylation in the biology of plants.
Enzymatic regulation of protein lysine methylation
The enzymes involved in methylation reactions are classified into five families according to the distinct structural arrangements that bind the methyl-group donor S-adenosyl-L-methionine (AdoMet). As a result of the diversity and importance of methylation in cellular biology, there are hundreds of genes coding methyltransferases in eukaryotic genomes (Petrossian and Clarke, 2011) and AdoMet is the second most widely used enzyme substrate after ATP (Schubert et al., 2003) . Protein lysine methyltransferases (KMTs) belong to two families, the seven-beta-strand (SBS) superfamily and the SET domain family, also referred to as class I and class V methyltransferases, respectively. Both SBS and SET domain-containing enzymes catalyse an overall similar reaction with a methyl transfer from AdoMet to the ε-amino group of a specific lysine residue of the target protein, leaving the by-product S-adenosyl-L-homocysteine (Fig. 1B) . To date, SET domain-containing enzymes have been shown to catalyse only lysine methylation on histones and non-histone substrates. In contrast, the enzymes of the SBS superfamily methylate a wide array of substrates, including metabolites, DNA, RNA, and proteins at lysine, arginine, histidine, glutamine, and the α-amino group of the N-terminal residues (Petrossian and Clarke, 2011; Falnes et al., 2016) .
Most research on KMTs has focused on the SET domain family due to its essential role in histone methylation and epigenetic regulation. SET domain proteins, named after the three first Drosophila proteins found to contain this domain (Suppressor of variegation 3-9, Enhancer of zeste, and Trithorax), have been found in all eukaryotic genomes and in a number of bacterial genomes (Alvarez-Venegas, 2014) . The SET domain is made of about 130 residues and comprises non-contiguous conserved regions, known as nSET and cSET, separated by a variable iSET region that is thought to influence substrate specificity and catalytic activity (reviewed in Le and Fujimori, 2012) . These regions fold into a knot-like structure that forms the active site of the enzyme, organizing AdoMet and the lysine binding sites at opposite ends of a methyl-transfer channel that accommodates the substrate side-chain. As a result of this organisation, many SET domain-containing KMTs are processive enzymes, meaning that the lysine residue can undergo multiple rounds of methylation without dissociation of the enzyme-substrate complex (Le and Fujimori, 2012) .
In land plants, about 50 genes coding SET domain-containing proteins have been identified (e.g. Ng et al., 2007; Aquea et al., 2011; Zhang and Ma, 2012) . Based on phylogenetic analyses and the organization of domains, SET domain proteins have been categorized into seven classes that are proposed to reflect their substrate specificity. Some enzymes from classes I-V are known to methylate histone substrates at different lysine residues (e.g. Lys27 and Lys36 in histone H3 for class I and II enzymes, respectively) (Ng et al., 2007; Zhang and Ma, 2012) . Proteins belonging to classes VI and VII are characterized by an insertion of 100-300 residues in the middle of the SET domain and are known or predicted to methylate non-histone substrates. In Arabidopsis thaliana, there are 15 genes coding SET domain proteins from classes VI and VII (Ng et al., 2007; Zhang and Ma, 2012) (Supplementary Table S1 at JXB online). Since the KMT-substrate relationship is still poorly described in plants (see below), this classification should be viewed with caution. Indeed, it must be borne in mind that some SET domain-containing enzymes involved in histone methylation (classes I-V) are also able to methylate non-histone substrates. Three examples of this type have been described in Arabidopsis (Supplementary Table S1 ). First, the ATXR5 enzyme (class IV) has a dual localization in the nucleus, where it methylates Lys27 in histone H3, and in plastids, with as yet unknown targets (Raynaud et al., 2006; Jacob et al., 2009) . Second, the SDG7 enzyme (class II) has been shown to localize to the endoplasmic reticulum and to methylate a lysine residue in the N-terminal tail of the aquaporin PIP2;1, at least in vitro (Sahr et al., 2010) . Third, a cytosolic isoform of ATX1 containing only the SET domain has been shown to methylate Lys396 in the elongation factor 1A, whereas the full-length ATX1 enzyme (class III) specifically modifies Lys4 in histone H3 (Ndamukong et al., 2011) .
The SBS superfamily extends throughout eukaryotes, prokaryotes, and archaea. SBS proteins have a typical Rossmann-like structural fold, which consists of a seven-stranded β-sheet adjoined by α-helices, together with additional structural elements that reflect the broad substrate diversity of these enzymes. The first SBS protein with a KMT activity was characterized in bacteria, where the enzyme PrmA has been shown to methylate the ribosomal protein L11 (Vanet et al., 1994) . In 2011, a comprehensive analysis based on sequence and structural similarity categorized human and yeast SBS methyltransferases into different groups (Petrossian and Clarke, 2011) . In the last few years, many enzymes belonging to the same group have been shown to methylate proteins at lysine residues. All but one of these enzymes have been shown to methylate nonhistone substrates, including calmodulin (Magnani et al., 2010) , translation factors (e.g. Lipson et al., 2010; Couttas et al., 2012; Davydova et al., 2014; Jakobsson et al., 2015 Jakobsson et al., , 2017 Hamey et al., 2016; Malecki et al., 2017a) and ribosomal proteins (Webb et al., 2011) , molecular chaperones (Kernstock et al., 2012; Cloutier et al., 2013; Jakobsson et al., 2013) , and the mitochondrial electron transfer flavoprotein (Rhein et al., 2014; Małecki et al., 2015) and citrate synthase (Małecki et al., 2017b; Rhein et al., 2017) . Dot1 in Saccharomyces cerevisiae and its mammalian homologues DOT1-like are the only SBS enzymes with activity on a histone substrate (methylation of Lys79 in the globular portion of histone H3) (Nguyen and Zhang, 2011) . In contrast to SET domain-containing enzymes, the KMTs of the SBS family studied so far catalyse non-processive reactions (reviewed in Falnes et al., 2016) . The distributive mode of action implies that the enzyme dissociates from the substrate at each round of methylation to allow an exchange between AdoMet and S-adenosyl-L-homocysteine.
To identify putative KMTs belonging to the SBS superfamily in Arabidopsis, we searched for orthologues of bacterial, yeast, and human enzymes that methylate non-histone protein substrates. We were able to identify 14 Arabidopsis proteins with significant sequence homology to the query sequences (Supplementary Table S1 ). The robust phylogenetic relationship between some plant proteins and their orthologues in bacterial, yeast, and human cells suggests that they can methylate similar substrates (Fig. 2) . The evolutionarily conserved function of two of these enzymes, namely the calmodulin KMT (Banerjee et al., 2013) and the ribosomal protein L11 KMT (Mazzoleni et al., 2015) , has been demonstrated and will be discussed later in this review.
Overall, there are more than 30 KMTs from the SBS and SET domain families that are possibly involved in the methylation of non-histones substrates in plants (Supplementary  Table S1 ). These proteins have been shown or predicted to be targeted to different subcellular compartments of the plant cell (Fig. 3) . The cytosol, nucleus, and plastids contain more than seven predicted KMTs and are anticipated to be hot-spots for protein lysine methylation.
Protein lysine methylation can be controlled dynamically by the active removal of methyl groups by protein lysine demethylases (KDMs). Two types of KDMs have been characterized so far in eukaryotes. The first family includes orthologues of the human lysine-specific demethylase 1 (LSD1), which was the first enzyme reported to demethylate mono-and dimethylated Lys4 in histone H3 (Shi et al., 2004) . LSD1 demethylases are flavin adenine dinucleotide (FAD)-dependent amino oxidases that catalyse the removal of mono-and dimethyl groups from lysine residues in histone and non-histone substrates (Fig. 1C) . The family is evolutionarily conserved from fission yeast to higher eukaryotes. There are four homologues of LSD1 in plants that have been shown to act on histones (reviewed in Xiao et al., 2016) . The second family of KDMs consists of Jumonji C (JmjC) domain-containing proteins. JmjC domain enzymes remove mono-, di-, and trimethyl groups of lysine residues in an iron(II)-dependent reaction with α-ketoglutarate and molecular oxygen as co-substrates (Fig. 1C) . Thus, JmjC domain demethylases are more versatile than LSD1 enzymes since they can regulate all degrees of protein lysine methylation. JmjC domain proteins are evolutionarily conserved in the green lineage and can be divided into seven groups (Huang et al., 2016a) . Five groups have been reported to demethylate lysine (and potentially arginine) residues in histones and two groups are involved in the hydroxylation and demethylation of unknown substrate sites. In contrast with animals, the involvement of LSD1-like or JmjC domain enzymes in the dynamic demethylation of nonhistone substrates has not been yet demonstrated in plants.
Lysine methylproteomes in plants: research in its infancy
The identification of lysine-methylated proteins at the proteome scale has occurred only recently relative to phospho-or glycoproteins. This delay has essentially been due to technical bottlenecks in the ability to enrich methylpeptides and to identify methylation sites with confidence (reviewed in Moore and Gozani, 2014; Wang et al., 2017) . These limitations have been exacerbated by the low abundance of some methylproteins and/ or the sub-stoichiometric methylation of some lysine residues, A. thaliana sequences were identified by a BLASTp search using SBS sequences from other species as queries. Sequences were aligned using MUSCLE and the phylogenetic tree was inferred by using the maximumlikelihood method based on the Le-Gascuel model (Le and Gascuel, 2008) . The consensus bootstrap tree is shown and branch support values (in % for 1000 replicates) are indicated. Analyses were done with the MEGA 6.06 software (Tamura et al., 2013) . UniProt accession numbers of query sequences: AtuMETTL20, A9CHJ5; EcPrmA, P0A8T1; HsCaMKMT, Q7Z624; HsCSKMT, A8MUP2; HsEEF1AKMT1, Q8WVE0; HsEEF1AKMT2, Q5JPI9; HsEEF1AKMT3, Q96AZ1; HsEEF1AKMT4, P0DPD7; HsEEF2KMT, Q96G04; HsETFBKMT, Q8IXQ9; HsHSP70KMT, Q8WXB1; HsKINKMT, Q9BUU2; HsMETTL21C, Q5VZV1; HsMETTL23, Q86XA0; HsVCPKMT, Q9H867; ScDot1, Q04089; ScEfm2, P38347; ScEfm4, P40516; ScEfm5, P53200; ScEfm6, P53970; ScEfm7, Q05874; ScRkm5, Q12367.
making the identification of methyl sites difficult to achieve by shotgun proteomics. The first technical issue is the lack of reliable methods to enrich methylproteins and methylpeptides. Indeed, it has proven difficult to develop highly sensitive methyl-lysine-specific antibodies, and the efficiency of protein domains recognizing methyl-lysine for affinity capture suffers a strong dependency on the residues flanking the methyl-lysine (Wang et al., 2017) . In addition, the moderate alteration of the physicochemical properties of peptides by lysine methylation (lack of a charge difference, little change in hydrophobicity; see Fig. 1A ) is a limitation for the development of high-resolution liquid chromatography approaches (Wang et al., 2017) . The second technical issue is that a high false-discovery rate is associated with the identification of methylation events by tandem mass spectrometry . This is largely due to the fact that the mass shifts associated with mono-, di-, and trimethylation (14.016, 28.031, and 42.047 Da, respectively) are isobaric to mass differences between numerous amino acids (e.g. 14.016 Da between aspartate and glutamate or serine and threonine, 28.031 Da between alanine and valine, 42.047 Da between glycine and valine) (Ong et al., 2004) . Thus, the standard target-decoy approach used to control the confidence of peptide identification in proteomic analyses produces unreliable estimates of methylpeptide discovery as a stand-alone technique . The current recommendation to obtain reliable and sensitive identification of methylation sites at the proteome level is to use heavy methyl stable-isotope labelling with amino acids in cell cultures (heavy methyl SILAC) (Ong et al., 2004) . In this approach, methionine in the culture medium is substituted with 13 CD 3 -methionine, which is metabolically converted to 13 CD 3 -AdoMet in the cell, leading to methylation events with heavy methyl groups that can be identified with high confidence by mass spectrometry.
In recent years, a growing number of proteomic analyses have indicated that lysine methylation is widespread among non-histone proteins in animal and yeast cells. By using either the usual target-decoy approach for reliability estimation (e.g. Cao et al., 2013; Guo et al., 2014) or methylpeptide validation by heavy methyl SILAC or similar approaches (e.g. Bremang et al., 2013; Wu et al., 2015; Zhang et al., 2018) , hundreds of lysine methylated proteins have been reported, some at multiple sites and with different degrees of methylation. Gene ontology annotation has indicated that lysine methylated proteins are frequently involved in transcription, RNA processing, ribosome biogenesis and translation, and, with a lower frequency, in diverse processes including protein folding (chaperones), cell signalling, and metabolism (for reviews see Lanouette et al., 2014; Falnes et al., 2016) . Methylproteins are predominantly found in the nucleus and the cytoplasm but are also present in other subcellular structures, including mitochondria (Rhein et al., 2014 (Rhein et al., , 2017 Małecki et al., 2015 Małecki et al., , 2017b Caslavka Zempel et al., 2016) .
As compared with other eukaryotes, our knowledge about plant methylproteomes is in its infancy. Indeed, the combination of targeted and proteome-wide analyses performed so far has identified only 48 lysine methyl-sites in 32 different non-histone protein targets (Table 1 ). The first lysine-methylated proteins were identified by targeted approaches employing amino acid analysis of protein hydrolysates and Edman sequencing of proteins and peptides. These proteins included cytochrome c from wheat and cauliflower (DeLange et al., 1969; Thompson et al., 1971) , calmodulin from spinach and Supplementary Table S1 ). Some KMTs are targeted to several compartments, e.g. the ribosomal protein L11 methyltransferase PrmA that is located in plastids and mitochondria (Mazzoleni et al., 2015) . A full list of lysine methylated (Kme) proteins from plants is shown in Table 1 . tobacco (Watterson et al., 1980; Lukas et al., 1984) , α-amylase from wheat (Motojima and Sakaguchi, 1982) , and the large subunit of Rubisco from different plants including tobacco, pea, and tomato (Houtz et al., 1989 (Houtz et al., , 1992 . Several methylated lysine residues were then identified by mass spectrometry in the eukaryotic elongation factor 1-alpha (Lopez-Valenzuela et al., 2003; Ndamukong et al., 2011; Alban et al., 2014) , in ribosomal proteins from cytoplasmic, plastidial, and mitochondrial ribosomes (Yamaguchi and Subramanian, 2000; Carroll et al., 2008; Alban et al., 2014; Mazzoleni et al., 2015) , and in plasma membrane aquaporins (Santoni et al., 2006; CasadoVela et al., 2010) . A unique proteome-wide identification of lysine-methylated proteins has been carried out in land plants (Alban et al., 2014) . In this study, proteomic data previously used for a thorough characterization of the Arabidopsis chloroplast proteome (Ferro et al., 2010) were searched to identify lysine-and arginine-methylated peptides using a stringent filtering workflow, including manual data curation and a search of neutral-loss events of trimethylamine (59 Da) to unequivocally identify lysine trimethylation (Alban et al., 2014) . This approach identified 30 lysine methylation sites in 19 chloroplastic proteins involved in metabolism, including photosynthesis and organelle biogenesis and maintenance (translation, protein import, division) (Table 1 ) (Alban et al., 2014) . Recently, 42 lysine methylation sites were identified in 23 distinct proteins from a fraction containing intact eyespots of the flagellar green alga Chlamydomonas reinhardtii (Eitzinger et al., 2015) . Some methylproteins are specific to the eyespot apparatus, which is important for phototaxis in motile unicellular photosynthetic organisms, and are therefore not anticipated to be present in sessile plants. However, other methylation events may have been conserved during the evolution of the Viridiplantae. The evolutionary conservation of methylated lysine residues (and their biological outcomes) need to be assessed on a case-by-case basis as some events have been observed in both C. reinhardtii and A. thaliana (e.g. methylation of chloroplastic fructose 1,6-bisphosphate aldolases) (Ma et al., 2016) whereas others seem to be specific to a phylogenetic clade (e.g. methylation of lysine residues in ferredoxin-NADP reductase from C. reinhardtii but not from A. thaliana) (Decottignies et al., 1995; Lehtimäki et al., 2014; Eitzinger et al., 2015) .
Overall, the non-histone methylproteins identified so far in plants are involved in essential cellular processes including metabolism, translation, signalling, metabolite and protein trafficking, and transcription (Table 1) . These proteins are present in each subcellular compartment where KMTs have been detected or predicted (Fig. 3, Supplementary Table S1 ), with a significant bias towards plastids due to limited investigations in other subcellular structures. It is clear that our current knowledge of non-histone lysine methylproteins in land plants is far from being comprehensive. Indeed, since animals and plants have a comparable number of KMTs, we might expect to find lysine methylproteomes of similar size in both kingdoms. Further studies employing state-of theart proteomic strategies will be necessary to fill the gap in our knowledge and to appreciate the extent of the lysine methylproteome in plants. This is an exciting challenge since the heavy methyl SILAC approach (and its offshoots), which are undoubtedly the best way for global and reliable analysis of lysine-methylated proteins, will be difficult to develop in plants. Indeed, in methionine autotrophs such as plants, an efficient incorporation of heavy methyl groups from 13 CD 3 -AdoMet is possible only in mutants deficient in methionine synthesis (Zhang et al., 2018) . Such mutations are lethal and are much more difficult to manage in plants than in unicellular organisms.
From methylproteins to phenotype: a winding path to determining the functions of lysine methylation
Proteome-wide approaches have identified hundreds of lysine methylated proteins and many more methylation events will probably be discovered in the near future. The identification of which methyltransferase, and possibly demethylase, enzymes regulate each lysine methylation event is a critical step towards understanding the biological functions of these modifications. As such, inactivating the genes coding KMTs and KDMs is the best way to analyse the functional outcomes of methylation in vivo. This approach is not straightforward since, in many cases, mutants affected in lysine methylation of non-histone proteins display either no or a limited phenotype (e.g. Cameron et al., 2004; Webb et al., 2011; Rhein et al., 2017) . However, the role of methylation has been clearly established for many proteins involved in different cellular pathways. The most documented role of lysine methylation is to modulate protein-protein interactions, either positively or negatively (for a review, see Erce et al., 2012) . Lysine methylation has also been shown to affect protein binding to nucleic acids, for example, modifying the affinity of transcription factors for their promoters. Beyond methylation, lysine residues are subjected to a variety of modifications on their ε-amino groups, including acetylation, ubiquitination, and sumoylation. Several reports have indicated that methylation can compete with ubiquitination for a common lysine residue, thus modifying the stability of the protein, or it can interfere with the phosphorylation and acetylation events of neighbouring residues in the target (Erce et al., 2012; Biggar and Li, 2015) . Beyond the crosstalk between post-translational modifications, methylation of lysine residues has been shown to regulate a wide range of mechanisms, including the subcellular localization of targets and the activity of enzymes (e.g. Cho et al., 2012; Małecki et al., 2017b) . By using a combination of genetic, biochemical, and cellular approaches together with mass spectrometry, the methyltransferase-substrate networks are emerging and beginning to reveal their complexity (reviewed in Lanouette et al., 2014; Biggar and Li, 2015; Falnes et al., 2016) . Although the current maps in yeast and mammalian cells are fragmentary, they illustrate that some KMTs appear to be quite specific, with one reported substrate, while others are able to modify several targets in vivo, including histone and non-histone proteins. In addition, the observation that multiple KMTs can modify a given substrate at different lysine residues adds another level of complexity to these networks. In such cases, deciphering the role of lysine methylation is even more complex than for a single methylation event catalysed by a specific KMT.
The protein lysine methylation network currently known in plants is in a rather embryonic state, with only six KMTs with identified substrates (Table 2 ). For two SET domain-containing KMTs from Arabidopsis the enzyme-substrate relationship has been shown only in vitro. The activity of the other four plant KMTs has been established in vitro and in vivo, enabling phenotypic and molecular analyses to understand the biological outcomes of their methylation events. Besides these examples (which are considered in detail below), the phylogenetic analysis of KMTs from the SBS superfamily (Fig. 2) suggests the existence of three enzyme-substrate pairs that have been conserved during evolution. The first two Arabidopsis enzymes are orthologues of the EEF1AKMT1/Efm5 and EEF1AKMT2/ Efm4 methyltransferases from animals and yeast that methylate the evolutionarily conserved Lys79 and Lys316/318, respectively, in the eukaryotic translation elongation factor 1A (Lipson et al., 2010; Hamey et al., 2016; Malecki et al., 2017a) . The third plant enzyme with a predictable substrate is an orthologue of the DNA/RNA binding protein KIN/Kin17 methyltransferase described in humans (Cloutier et al., 2013) . This prediction is supported by the conservation of the trimethylated Lys135 in the closest orthologue of KIN/Kin17 in Arabidopsis (Cloutier et al., 2013) . Further studies will be necessary to confirm the relationship between these KMTs and their putative substrates.
Methylation of the β-subunit of chloroplastic ATP synthase
The Arabidopsis enzyme designated PPKMT2 has been shown to dimethylate the chloroplastic ATP synthase β-subunit at a unique lysine residue exposed at the surface of the protein (Alban et al., 2014) . The function of this enzyme, which is predicted to be mitochondrial and chloroplastic, has not been reported in vivo. Several subunits of mitochondrial and plastidial ATP synthase have been shown to contain methylated lysine residues in both humans (Kane and Van Eyk, 2009 ), plants, and green algae (Alban et al., 2014; Eitzinger et al., 2015) , but the role of these methylation events is not yet understood. 
Methylation of plasma membrane aquaporin
The enzyme SDG7 has been shown to localize to the endoplasmic reticulum and to methylate Lys3 in a synthetic peptide derived from the N-terminal tail of the Arabidopsis aquaporin PIP2;1 (Sahr et al., 2010) . However, the aquaporin methylation profile was not affected in an Arabidopsis sdg7 null-mutant, suggesting either functional redundancy among SET domain-containing enzymes in vivo or physiological substrate(s) other than PIP2;1 for SDG7. Despite this conflict between in vitro and in vivo experiments, the role of aquaporin methylation has been investigated using plasma membrane vesicles containing the wild-type protein or a non-methylatable PIP2;1 mutant (Lys3 substituted by an alanine). Methylation at Lys3 did not interfere with the intrinsic water permeability of aquaporin PIP2;1, suggesting a function of this modification in either the subcellular localization or stability of the protein (Santoni et al., 2006) .
Methylation of translation elongation factor 1A by soloSET
The eukaryotic translation elongation factor 1A (eEF1A) is an evolutionarily conserved protein that contains several lysine methylated residues in animal, yeast, and plant cells (recently reviewed in Hamey and Wilkins, 2018) . With as many as nine methylation events described (Table 1) , eEF1A is currently the most heavily lysine methylated protein known in plants (LopezValenzuela et al., 2003; Ndamukong et al., 2011; Alban et al., 2014) . The primary role of eEF1A is to deliver the aminoacyltRNAs to the ribosome during peptide chain elongation but non-canonical functions have also been described for the factor, including organization of the cytoskeleton and replication of many RNA viruses. In yeast, five elongation factor methyltransferases (Efm) have been implicated in the methylation of five lysine residues in eEF1A (e.g. Lipson et al., 2010; Jakobsson et al., 2015; Hamey et al., 2016) . Only the Efm1 enzyme is a SET domain-containing protein, the four other belonging to the SBS superfamily. In humans, four SBS methyltransferases have so far been implicated in eEF1A methylation: two are homologues of the yeast enzymes and two modify lysine residues that are methylated only in the human factor (e.g. Hamey et al., 2016; Jakobsson et al., 2017; Malecki et al., 2017a) . In Arabidopsis, a cytosolic isoform of the SET domain-containing protein ATX1, named soloSET, is generated from an internal promoter and has been shown to methylate Lys396 in eEF1A in vivo (Ndamukong et al., 2011) . Arabidopsis plants with abolished expression of the ATX1 transcripts display strong phenotypes, including asymmetric rosettes, chlorosis, and aberrant flowers. Since the ATX1 locus produces two methyltransferases with different substrates, histone H3 for the full-length ATX1 protein and eEF1A for soloSET, these phenotypes cannot be attributed to one or other of the functions with confidence. However, a cytoskeletal phenotype with reduced actin bundles has been specifically associated with a fault in the soloSET activity, indicating that methylation of eEF1A at Lys396 in plants has a role in the organization of the cytoskeleton, notably actin bundling, rather than in protein synthesis (Ndamukong et al., 2011) . Surprisingly, this conserved methylation event is produced by evolutionarily divergent enzymes, namely a SET domain protein in Arabidopsis (Ndamukong et al., 2011) and a SBS methyltransferase in yeast (Jakobsson et al., 2015) .
Methylation of ribosomal protein L11 by PrmA
Besides translation factors, ribosomal proteins are also known to be frequently methylated on lysine residues. Among these events, the methylation of ribosomal protein L11 (RPL11) has been described in ribosomes from bacteria and in chloroplasts and mitochondria from plants (Dognin and WittmannLiebold, 1980; Yamaguchi and Subramanian, 2000; Cameron et al., 2004; Alban et al., 2014; Mazzoleni et al., 2015) . Bacterial RPL11 is multiply methylated by a unique methyltransferase of the SBS family, named PrmA, which is able to catalyse the N-ε-trimethylation of two lysine residues as well as the N-α-trimethylation of the N-terminal alanine residue of RPL11 (Dognin and Wittmann-Liebold, 1980) . Orthologues of PrmA have been found in all bacterial phyla and photosynthetic eukaryotes (land plants, green algae, glaucophytes, rhodophytes, and chromists) but not in other eukaryotes (Mazzoleni et al., 2015) . In Arabidopsis, the homologue of PrmA is dual-targeted to both plastids and mitochondria and is capable of methylating plastidial and mitochondrial RPL11 in vivo (Mazzoleni et al., 2015) . Despite their evolutionary relationship, bacterial and plant PrmA display some differences in their substrate sitespecificity in vivo. Thus, plastidial and mitochondrial RPL11 in Arabidopsis are trimethylated at internal lysine residues but not at the N-terminus (Mazzoleni et al., 2015) . So far, the role of RPL11 methylation is not known since null mutants of PrmA in bacteria and Arabidopsis are viable and show no obvious phenotype in standard environmental conditions (Vanet et al. 1994; Cameron et al. 2004; Mazzoleni et al., 2015) . In prokaryotic-type ribosomes, RPL11 contributes to the recruitment of initiation, elongation, and release factors, and deletion of the protein has important consequences on ribosomal activity in bacteria and plant organelles. Since the conserved methylated lysine residues are exposed at the surface of the ribosome, it has been proposed that methylation could modulate protein-protein interactions and influence binding of translation factors. It has also been suggested that crosstalk between methylation and other post-translational modifications reported in RPL11 (phosphorylation, acetylation) could optimize ribosome biogenesis and function (Mazzoleni et al., 2015) .
Methylation of calmodulin by CaMKMT
Calmodulin (CaM) is an essential and highly-conserved calcium sensor that regulates the function of numerous enzymes. The conserved Lys115 in CaM has been found to be trimethylated in animals and plants (Watterson et al., 1980) . Three decades after the discovery of this methylation event, the CaM methyltransferase was identified in mammalian cells and designated as CaMKMT (Magnani et al., 2010) . The CaMKMT enzyme belongs to the SBS superfamily and homologous proteins have been found in higher eukaryotes, including plants (Banerjee et al., 2013) . At the molecular level, trimethylation of Lys115 has been shown to affect the conformational dynamics of CaM upon binding of calcium and the thermal stability of the apoprotein (Magnani et al., 2012) . In addition, trimethylation is associated with a significant reduction in the level of NAD kinase activation by CaM, suggesting a role of the modification in the interaction between the two proteins (Roberts et al., 1986) . The identification of Arabidopsis proteins with differential binding properties to methylated and unmethylated forms of CaM has reinforced the idea that methylation could modulate the interaction of CaM with its partners (Banerjee et al., 2013) . In vivo, it has been shown that the level of CaM methylation varies in a developmental-state and tissue-specific manner in pea plants (Oh and Roberts, 1990) . This was confirmed in Arabidopsis where the expression pattern of the CaMKMT gene has been found to correlate with tissues where auxin signalling is active, with high expression levels in germinating seeds, in root and shoot meristematic regions, and in flower buds (Banerjee et al., 2013) . Furthermore, analysis of null mutants and CaMKMT-overexpressing lines in Arabidopsis indicated that CaM methylation has a role in the fine-tuning regulation of root development, auxin and abscisic acid signalling, and in response to various environmental stresses (Banerjee et al., 2013) .
Methylation of Rubisco and fructose bisphosphate aldolases by LSMT
Numerous co-and post-translational modifications have been described in the small and large subunits of Rubisco, the key enzyme for CO 2 fixation during photosynthesis (reviewed in Houtz et al., 2008) . Trimethylation of Lys14 in the large subunit of Rubisco (RBCL) has been reported in various species from the Fabaceae, Solanaceae, and Cucurbitaceae families, whereas Lys14 has been found unmodified in spinach, wheat, and Arabidopsis (Houtz et al., 1989 (Houtz et al., , 1992 Mininno et al., 2012) . The SET domain-containing enzyme involved in RBCL methylation at Lys14 has been cloned and characterized in pea (Klein and Houtz, 1995; Wang et al., 1995) . Homologues of the large subunit Rubisco methyltransferase (LSMT) gene from pea are present in all plant genomes, suggesting a species-dependent substrate specificity for the methyltransferase and raising the question of the nature of the target(s) of the enzyme in plants with unmethylated RBCL. Biochemical characterization of LSMT from Arabidopsis has identified the chloroplastic isoforms of fructose 1,6-bisphosphate aldolase as the physiological substrates of the enzyme (Mininno et al., 2012) . Chloroplastic aldolases catalyse the reversible hydrolysis of fructose 1,6-bisphosphate into triose phosphates and contribute to CO 2 assimilation in the Calvin cycle and to glycolysis. LSMT enzymes from pea and Arabidopsis have been shown to methylate aldolases with similar kinetic parameters and product specificity in vitro (trimethylation at a conserved lysine residue close to the C-terminus) (Mininno et al., 2012) . In addition, trimethylated chloroplastic aldolases have been detected in all plant species studied, including C. reinhardtii, suggesting that they are universal substrates of LSMT in the Viridiplantae (Ma et al., 2016) . By using site-directed mutagenesis, Ma et al. (2016) were able to decipher the molecular evolution of the substrate-specificity of LSMT enzymes. Modifying a key motif of three residues located close to the active site of the enzyme was sufficient to transform a monofunctional LSMT (one substrate, aldolases) into a bifunctional LSMT (two substrates, aldolases and RBCL), and vice versa (Ma et al., 2016) . The phylogenetic distribution of this motif in LSMT sequences together with the in vivo methylation status of Rubisco indicated that the ancestral function of LSMT was the methylation of aldolases. In a recent event during the evolution of land plants this function evolved in ancestors of a few plant families (Fabaceae, Solanaceae, and Cucurbitaceae) to allow the monofunctional enzymes to also methylate RBCL (Ma et al., 2016) . The biological significance of the methylation of Rubisco and fructose bisphosphate aldolases is still not known. In vitro, the kinetic and activation parameters of Rubisco do not change significantly between the native unmethylated spinach enzyme and the enzyme stoichiometrically trimethylated at Lys14 in RBCL (Dirk et al., 2006) . For aldolases, the catalytic properties for the glycolytic (cleavage of fructose bisphosphate) and photosynthetic (condensation of trioses phosphate) reactions are not modified by stoichiometric trimethylation of the native chloroplastic or recombinantly expressed enzymes (Mininno et al., 2012 ). The steady-state level and stability of aldolases in chloroplasts were also not affected by the methylation status of the proteins. In Arabidopsis, a lsmt null mutant was viable and phenotypically indistinguishable from wild-type plants when grown under standard conditions (Mininno et al., 2012) . In tobacco, RNAi-mediated knocked-down plants for LSMT gene expression displayed no phenotype and no differences in CO 2 assimilation rates as compared to wild-type plants (Dirk et al., 2006) . Since the methylated lysine residues in RBCL and aldolases are surface-exposed, it has been suggested that methylation events could be involved in the fine-tuning regulation of protein-protein interactions in chloroplasts (Dirk et al., 2006; Mininno et al., 2012) . This hypothesis is supported by several reports showing that some enzymes of the Calvin cycle, including Rubisco and aldolases, are organized in supramolecular complexes, forming metabolons that may increase the efficiency of metabolic pathways (Sweetlove and Fernie, 2013) . A similar role has been suggested for the methylation of human citrate synthase in the tricarboxylic acid cycle (Rhein et al., 2017) . Interestingly, the chloroplastic and trimethylated aldolase in C. reinhardtii has been shown to interact tightly with a ternary complex known to regulate the activity of the Calvin cycle in a light-dependent manner (Erales et al., 2008) . The association of aldolase with the ternary complex, which is formed in the dark, is accompanied by a 50% increase in the cleavage activity of the enzyme (glycolytic reaction), whereas the condensation activity (photosynthetic reaction) is not affected. This suggests that methylation of aldolases may influence the transient association with protein partners to favour either photosynthesis or glycolysis depending on metabolic demands and changes in environmental conditions.
From phenotype to methylproteins: another path towards determining the functions of lysine methylation
Beyond the six methyltransferase-substrate(s) relationships described above, there are a few examples of plant KMTs with as yet unknown substrates for which null mutations are associated with marked phenotypes (Table 2 ). The first orphan enzyme is a plant orthologue of the SEE1 (or Efm4) methyltransferase that methylates Lys316 in eEF1A from yeast (Lipson et al., 2010) . Silencing of SEE1-like expression in Nicotiana benthamiana greatly decreases the replication of positive-stranded RNA tombusvirus, suggesting that methylation of eEF1A is important for viral replication in plants (Li et al., 2014) . There is as yet no experimental evidence that SEE1-like from plants can methylate eEF1A (Table 1) , but the strong phylogenetic relationship between the plant, yeast, and human proteins (Fig. 2) suggests that the enzyme targets the evolutionarily conserved Lys306 (in eEF1A from plants). The second orphan KMT is the SET domain-containing protein PAP7 (or PTAC14) that is a subunit of the plastid-encoded RNA polymerase complex in Arabidopsis (Steiner et al., 2011) . The pap7 mutation is lethal in photoautotrophic conditions and mutants display an albino phenotype when grown with an exogenous carbon source (Gao et al., 2011; Grübler et al., 2017) . The expression profile of plastid-encoded genes is markedly affected in pap7, resulting in plastids arrested at a very early stage of differentiation. The substrate(s) of PAP7 has not been yet identified. The last example is the SET domain protein CIA6 in C. reinhardtii . CIA6 is required for normal pyrenoid formation and for an optimal CO 2 -concentrating mechanism in the alga. CIA6 was overproduced in Escherichia coli cells but did not shown any methyltransferase activity with the substrates tested (histones, Rubisco, and Chlamydomonas whole-cell extracts) . The identification of the substrates of these three orphan enzymes will be a significant step towards a better understanding of protein lysine methylation in plant cells.
Conclusions and future prospects
The data discussed in this review show that, despite recent progress, substantial work will be necessary to further delineate the importance of lysine methylation of non-histone proteins in plants. First, our knowledge about lysine methylated proteins is very limited (Table 1 ) and significant efforts will be necessary to shed light on the lysine methylproteomes in plants. Second, future investigations will have to address the functional importance of protein lysine methylation in plant biology. This will require a detailed analysis of the enzymes involved in methylation reactions, which are still poorly characterized (Table 2) , and in the removal of methyl marks, which have not yet been described for non-histone substrates in plants. This will be crucial in order to decipher whether some methylation events are reversible and play a role in the dynamic regulation of cellular processes. Further studies will also need to address the biochemical and physiological outputs of lysine methylation, including the identification of the reader proteins that interact with methylated lysine residues. So far, most of the analyses performed in plants have not uncovered the role of lysine methylation, probably because the effects were too subtle to induce measurable phenotypes in methyltransferase mutants. It is worth noting that phenotypes of KMTdeficient mutants have frequently been analysed in standard environmental conditions, with the exception of the CaM methyltransferase mutant that was challenged with salt, cold, and heat stress (Banerjee et al., 2013) . Recent transcriptomic analyses have also indicated that the expression of some genes coding SET domain proteins is modified during different abiotic stress conditions, including cold, heat, salinity, and dehydration (Huang et al., 2016b; Yadav et al., 2016) . Future studies will undoubtedly examine whether some lysine methylation events in non-histone proteins are important for plants to cope with environmental stress.
Supplementary data
Supplementary data are available at JXB online. Table S1 . Protein lysine methyltransferases from A. thaliana potentially involved in the modification of non-histone substrates.
